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Metal-binding peptides in protcolytic digest maps have been identified by matrix-assisted LJY laser desorption time-of-flight mass spcctrometry 
(LDTOF-MS). The plasma nnd milk metal transport protein chosen to demonstrate this process. histidine-rich glycoprotcin (HRG). was purified 
and then digested with trypsin; the clcavagc products wcrc analyzd by LDTOF-MS with dihydroxybcnzoic acid as the matrix. The selective 
interaction of specific pcptidcs with one or more Cu aloms was observed when Cu(Il) ions were added to the digest mixture, At least one specilic 
metal-binding peptidc was identilied by computerized sequence analysis using the molecular mass data and available cDNA sequence. Thcsc results 
demonstrate the first direct observation by mass spectromclry ordilTcrcntial peptide-metal ion interactions in protein digest mups. The ability to 
evaluate peptide-metal ion interactions, including stoichiometry, with less than I pmol of sample improves significantly our ability to identify metal 
binding domains in mctal~binding proteins. 
Mass spectromctry: Mctalloprolcin; Histidine-rich glycoprotcin; Peptidc; Digest; Metal ion 
1. 1NTRODUCTION 
The interaction of transition metal ions with intracel- 
lular proteins, via several different structural motifs, has 
been shown to be important in regulatory macromo- 
lecular recognition events [l]. Identification of protein 
surface metal-binding domains involved in metal ion 
transport also remains the subject of considerable inter- 
est [2-61. Although we have evaluated immobilized 
metal ions for the identification and isolation of metal- 
binding peptides in proteolytic digests [7], there have 
not been any suitable methods to observe directly the 
interaction of one or more transition metal ions with a 
given peptide or peptides in a complex mixture. 
Matrix-assisted UV laser desorption time-of-flight 
mass spectrometry (LDTOF-MS) has been used 
recently to determine the molecular weight of intact 
peptides and proteins with a high degree of sensitivity 
(cl pmol), accuracy (ca. 0.01% at 20 kDa) and resolu- 
tion (300-500 fwhm) [8,9]. We have recently demon- 
strated that specific peptide-metal complexes are stable 
during analysis by LDTOF-MS [LO,1 l] and by elec- 
trospray ionization mass spectrometry [12]. We report 
here the use of LDTOF-MS to identify specific metal- 
Corr~~,tw~~(e~~~ crk/rew T.W. Hutchens. USDAIARS Children’s 2.2. UY her cicsorprioti tnc-vf-jligltt muss spccrrontrrry 
Nutrition Center, Baylor College of Medicine, Department or Pc- Purified NRG was dialyzed against 50 mM EDTA. 20 mM sodium 
diatrics, 1100 Bates, Houston, Texas 77030, USA. Fan: (1) (713) 798 phosphate, pH 7.0, and then against 20 mM sodium phosphate, 0.15 
7119. M NaCI, pH 7.0. 2 pg of the dialyzed HRG was incubated with 0.04 
binding peptides among the unfractionatcd proteolytic 
digestion products of a human plasma metal-binding 
transport protein known as histidine-rich glycoprotein 
(HRG). 
2. EXPERIMENTAL 
Human plasma was collected into tubes containing EDTA and 
proteasc inhibitors (soybean trypsin inhibitor. bunzamidine. D-phcn- 
ylalsnyl-L-arginine chloromcthyl kctonc, /V’-tosyl-L-lysine chloro- 
methyl ketone. and phcnylmcthylsulronyl f uoride). All plasma was 
dialyzed at 4’C against 50 mM EDTA. 20 mM sodium phosphate, pH 
7.0. and then against 20 mM sodium phosphate, 3 mM imidazolc artd 
0.5 M sodium chloride, pH 7.0. The synthesis or Tris(carboxyrncth- 
yl)ethylcnediamine-Scpharosc 6B (TED) [I9 and its use for the pu- 
rification or HRG was as described [ 141. The TED-Zn(ll) column was 
equilibrated with 20 mM sodium phosphate containing 5 mM imi- 
dazolc and 0.5 M NaCI, pH 7.0. Dialyzed plasma was applied; low 
aBinity proteins were clutcd with 0. I M sodium acetate containing 0.5 
M NaCI. oH 5.8. Puritied HRG was cluted with 0.1 M sodium acetate 
contain& 0.5 M NaCI, pH 3.8. Alter documentation of apparent 
homogeneity by SDS-PAGE (silver-stained) and high-pcrf’ormance 
reverse-phase chromatography, amino acid composition was deter- 
mined by the picotay method [15]. The N-terminal amino acid se- 
quence was determined by sequential Edman [I 61 degradation on an 
Applied Biosystems Model 473A automated peptidc sequcnn ana; 
lyzcr (Applied Biosystems, Foster City, CA). 
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Fig. I. Mass spectra of HRG tryptic digest products dctcrmined by LDTOF-MS before and after the addition ofCu(ll) ions to the peptidc digest. 
The portion of the spectrum outlined by the box is presented in Fig. 2 in mot-c detail. 
pg of trypsin (&omega) in 30 jltl of5 mM sodium phosphate (PI-I 7.8) 
at 37’C for 3.5 h; the protein samples digested were neither educed 
nor denatured. Aliqnots of the peptide digest were diluted to ca. IO 
nmol/ml and mixed (I: I) with a saturated aqueous olution of 2.S 
dihydroxybeniroic a id (154.12 Da); 2 yl of the digest/matrix rnixt~lre 
was applied to a stainless teel probe tip @mm diameter) and air-dried 
at room temperature. The air-dried pcptide-matrix deposit on the 
probe tip. prepared with or without added copper sulfate (2yl ofa 20 
mM solution), was rinsed gently with Milli-Q water to remove residual 
salts, and rc-dried. Mass spectral analyses were performed on a Model 
2000 laser desorption linear time-of-Ilight muss spcctromcier (Vest&r) 
using the frequency-tripled output from ;I Q-switched neodymium- 
yttrium aluminium garnet (Nd-YAG) pulsed laser (355 nm. 5 ns pulse, 
Lumonics HY400). Ions drsorbed by pulsed laser irradiation were 
accelerated toan encryy of 30 kcV, allowed to drift along a 2-m flight 
path (maintained at 30 PPa). and detected with a 20-stage-focused 
mesh electron multiplier. A LeCroy model TR882EtD transient re- 
corder (5-m time resolution) and LeCroy 6010 MAGIC controller 
were used for the real-time signal averaging of multiple (100) laser 
shots (recorded at 200 MHz). All calculations and time to m/z conver- 
sions were performed on PC-based software. Peptide sequences were 
identified from mol. wt. analyses by LDTOF-MS using the program 
PROCOMP (Phillip C. Andrews, University of Michigan). 
3. RESULTS AND DISCUSSION 
We are interested in the identification of protein 
surface metal-binding domains, the preservation of 
domain structure and metal-binding activity during 
protein degradation, and the generation (i.e exposure) 
of new metai-binding protein domains and fragments 
by proteolytic modification. There have been few 
techniques developed to identify specific peptide-metal 
ion interaction5 in complex mixtures, particularly in 
100 
cases of relatively low affinity interactions involving low 
molecular mass peptides. The high-resolution separa- 
tion of peptides typically requires experimental condi- 
tions incompatible with the retention of bound metal 
ions (e.g. high-performance r verse-phase liquid chrom- 
atography). The techniques currently available to inves- 
tigate protein-metal ion interactions in complex mix- 
tures include chromatography (e.g. size-exclusion, ion- 
exchange) or SDS-polyacrylamide gel electrophoresis 
followed by transfer of the proteins to a membrane for 
blotting (i.e. probing) with radioactive metal ions [17]; 
these procedures are not appropriate for the resolution 
oflow mol. wt. peptides. Furthermore, these procedures 
are dependent on separate means of resolution and 
detection, resulting in low recovery and disruption of 
the peptide- and/or protein-metal ion interactions. 
Our evaluation of synthetic metal-binding peptides 
by matrix-assisted LDTOF-MS has suggested to us that 
peptide-bound metal ions can be stable to the laser- 
induced desorption/ionination process [l O-l 21, To de- 
velop and extend the utility of this observation, we have 
investigated the suitability of LDTOF-MS as a tech- 
nique to identify specific metal-binding peptides in com- 
plex mixtures without prior fractionation, Matrix-as- 
sisted LDTOF-MS is well-suited for the mass de- 
termination of peptide mixtures for several reasons. 
First, LDTOF-MS prod-uces mass SpCtia that XC, iii 
contrast o spectra produced by other means of desorp- 
tion/ionization, relatively free of artifacts (e.g. frag- 
ments, multiply-charged molecular ions). Second, the 
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Fig. 2. A portion of the mass spectra revealing a 1356Da mctul-binding pcptidc (M + H)* in the HRG tryptic digest map. The spectra were 
dctcrtnincd by LDTOF-MS beforu and uftcr the addition of Cu(II) ions to the peptide digest. The pcptidc with one and two bound Cu atoms is 
as indicated+ 
use of 2,5-dihydroxybcnzoic a id as the matrix leaves 
the low mass region (< 1000 Da) relatively free of matrix 
clusters. Finally, for proteins of known sequence, the 
accuracy of peptide mass determinations by LDTOF- 
MS allows each degradation product to be identified. 
HRG was chosen as a model for these investigations 
because of its probable role in Cu(l1) and Zn(ll) ion 
transport in plasma [6,14]. During HRG-digestion with 
trypsin, the disullide bonds were deliberately not re- 
duced, nor was the protein denatured. Thus, elements 
of HRG protein secondary and tertiary structure were 
likely to be retained. The avoidance of reducing agents 
helped to preclude the artificial generation of free sulf- 
hydryl groups; a potential major source of nonspecific 
metal ion binding sites otherwise unavailable in the non- 
reduced native protein. 
Fig. 1 shows an overview of the HRG tryptic digest 
map observed by LDTOF-MS before and after Cu(I1) 
ions were added to the peptide in solution with 2,5- 
hydroxybenzoic acid as matrix. Fig. 2 shows an example 
of one specific, high-definition region of the tryptic 
digest mass spectrum observed by LDTOF-MS before 
and after Cu(JI) ions were added. In this portion of the 
protein digest mass spectrum, the major protonatcd 
molecular ion (M + H)’ observed in the absence of 
metal ion had a mass of 2356 Da. In the presence of 
Cu(lI). the protonated parent molecular ion (M I- H)’ 
was still observed; however, two additional peaks were 
generated, at 2419 and 2482 Da, with increments of Ix 
and 2x 63 Da (i.e. “%Zu). To identify this particular 
metal-binding peptide, all possible trypsin cleavage sites 
in the HRG sequence [18] were identified. By computa- 
tion of the mass for each of the several hundred possible 
partial and complete trypsin digest products (ca. 1650), 
the program PROCOMP was then used to generate a 
theoretical ist of possible fragments and their molecular 
Table I 
Mass.depcndent identification of one specific metal-binding pcptidc present in the HRG trypsin 
digest map evaluated by LDTOF-MS 
(M + H)’ Sequence Position of sequence in HRG 
ObscrvedU Calculatedh 
1356 7355.8 KGEVLPLPEANFPSFPLPHHK residues 4~X3-468 
----..- 
d Observed (M + H)’ value taken from the calibrated LDTOF-MS spectra shown in Fig. 2. 
“The calculated value of (M + H)‘ shown hcrc was selcctcd from the list of calculated mass values 
generated for theoretical fragments prcdictcd from the possible (partisl and complete) trypsin 
digestion sites in HRG (see Experimental). 
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weights. Only 1 of the many possible proteolytic frag- 
ments had a calculated mass the same as that of the 
metal-binding peptide observed by LDTOF-MS; this 
pcptide is identified in Table I. The specific amino acid 
sequence of the peptide identified by this procedure was 
predicted to bind Cu based on procedures that we have 
reported previously [7,19]. 
There are limits to the unequivocal identification of 
specific metal-binding pcptides by this technique. For 
example, by calculation, the 507-residue HRG sequence 
also contains two other theoretical trypsin digest frag- 
ments of similar molecular mass (i.e. 2349.8 and 2350.5 
Da) that would arise from partial digestion (i.e. each of 
these fragments contains an internal Lys or Arg 
residue). Based on their His residue content, each of 
these peptides (D267-R286 and G428-R447), if present 
in the trypsin digest mixture, would be expected to bind 
Cu atoms. Even with a demonstrated mass accuracy of 
0.01% (up to 20 kDa), LDTOF-MS is currently unable 
to resolve molecular mass differences of less than 4-5 
amu in this mass range. Thus, in this particular case, 
only the most probable identity of the specific Cu-bind- 
ing peptide can be assigned. 
Our results also demonstrate the presence of specific 
peptides with a portion of their metal-binding sites ap- 
parently occupied by endogenous metal ions (e.g. Fig. 
2). Thus, interpretation of mass spectra obtained with 
relatively clean samples of peptides (synthetic peptides), 
simple peptide mixtures (e.g. peptide digests), and pep- 
tides in complex biological mixtures can be complicated 
by the presence of peptide-bound metal ions. 
In conclusion, although we developed immobilized 
metal ion affinity chromatography as a method for the 
high-resolution separation of metal-binding peptides in 
proteolytic digest mixtures [7], LDTOF-MS appears to 
address this problem with far greater sensitibity and 
accuracy. Moreover, as we have demonstrated here and 
elsewhere with synthetic metal-binding peptidcs [lo-121, 
it may also be possible to address the stoichiometry of 
metal ion-peptide interactions by LDTOF-MS. To- 
gether, immobilized metal ion interaction chromatogra- 
phy and LDTOF-MS can be used effectively to isolate 
and identify metal binding peptides in proteolytic 
digests. 
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